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SYNOPSIS

'A flow linear dichrojsmn techiquiIe is UtiliZed t U si udv the unwinding" of supercoiled I)NA
induced bv the hinding of'et hidliui bromide ( EB I and profiavine P IF at different ratios
r ( drug added /D1NA hase ) In the case of either EB or 1'F botund to linear ('alt t hvmus
L)NA. the reduiced linear dichroismn signals L D/ A (1LI): linear dichroism; A: ahsorhance.

hot h measured ait the sameL wavelength. determnined at 258. and 520 or 462 nmn corre-

spIonicing to conitriht ionispredomiiiint lv fromi the part iall 'v oriented DNA bases. intercalatedl
EB. or P)F, respectively ,v are nearly independent of' drug concentration. In the case of'
su~percoiled I)NA, thle magnitude of' 1.1)/A at 258 nm,1 first increases to a miaximumlil value
near r -- 0.0)4-0.0.5. and then decreases as r is increased fuirther, mimicking thle behavior
of the sedimentation coefficients, viscosities, and gel elect rophoresis patterns measured hY
other workers at similar v-aluies of' r.-However. LD/A at 521) nmn. which is dlue to DNA-
hound EB molecules. is constant within the range of' r ,-aluies of' 0.02-0.063 in which the

magnitude of I) / A dletermined at 2.58 nmn due to the DNA bases exhibits a lironlOUnced
miaximumn. In coint rast. in the case of 11F, the magnitudes of' LI / A determined at 258 or

462 amn are characterized byv similar dependencies onl r. hot h exhibit ing pronounced maxima .I
at r -0.05: this parallel behavior is expected according to a simiple intercalation model inl
which the I)NA bases and drug miolecules are stacked on top of one another, and in which
both are oriented to similar extents in the (low gradient. The unexpected differences in the

dependencies of' 1,D / A ) --, and (I LD/ A),I-), on r in the case of' EB bound to soipercoiled
DNA, are attriliuted to differences in thle net overall alignment of' the EB molecules and
l)NA bases in the flow gradient. Thle magnitude of' the 1,1) signal at 258 nmn reflects thle
overall degree oIf' orientation of' the supercoiled IDNA mo1lecul]es that, inl t urn, depends (on
their h 'vdrodv' narnic shapes and sizes; the LI1) signals characterizing the bound EB mlolecules

miay, reflect this orientation also, as well as the partial alignment (If individuall I)NA segments
contai ning houund ll molectules. The difference,, in the LI) characteristics (If the bound
IIF and Eli mol0ecules mnay be dlue toi subtle differences in the mnechanismns of' binding.

plerhapls reflect ing differences in the torsional lYtitamics arid local rigidities in] superheli('al
I)NA I Wu et al. i 19M8 BioW/ieristr,\ 27. 8128-8144 1 inlduced lI these two (different in-

* tercalating agents.

* INTRODUCTION and its characteristics have been studied exten-
sivelv.' ManY drug miolecuiles that flrmn interca-

The existence (If (irctllar superhielical I)NA in bot11h lat ion complexes with D)NA, of which et hidliumi bro-

euikarvot ic andl prulkarvot ic cells, is welt documented, mnide ( EB ) is a classical example. are kno-wn to tilln-

wind supercoiled DNA.' Elect ron nlicrograt)hs
t990 -- -. -- ____---___---~.----- - show that supercoiled D)NA is chiaract erized by

190.hi Wil"y & Sol, III(.. ihytitd opc t ltrs hl i eae
( 0006 :1525i)/ t 1135 10 hihy wsed ol0c trcues hletereae

Biopolymers,\Vol. 29. t:1t7 11 119iu1 DNA forms are characterized b)' oplen and miore ex-

' resunt adudress: Diepartment oil louuisirs. Ifuoover ('luge t ended st ruct t res ... A number ill diflerent mnet hods.

of the( ('itv 1 iversit v of New York. New York. NYi 10021. based on differences tin the hv drodynanic p~roplert ies
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1736 SWENBERG, CARBERRY, AND GEACINTOV

of supercoiled, partially relaxed, and relaxed DNA, MATERIALS AND METHODS
have been employed to characterize the degrees of
unwinding induced by drug molecules. These meth- The supercoiled DNA samples ( 0X 174, SV 40, and
ods include gel electrophoresisj sedimentation pBR322) were purchased from Bethesda Research
velocity, ' ' and viscometry.i 2 .:3 Laboratories (Bethesda, MD): Topoisomerase I was

We have recently shown 4 that supercoiled DNA obtained from Applied Genetics (Freeport, NY),
can be oriented in the flow gradient of a Couette while EB and PF were purchased from Sigma
cell ' and that changes in superhelicities induced by Chemical Co. (St. Louis, MO). Calf thymus DNA
polycyclic aromatic drugs or carcinogens can also (Worthington Biochemicals, Freehold, N.J) was
be monitored by linear dichroism (LD) methods. prepared and sonicated as previously described; "' a
There are several advantages inherent in the LD reduction in the average molecular weight of the
technique for studying the unwinding and rewinding DNA molecules by sonicat ion is desirable, since the
of supercoiled DNA induced by exogeneous chemi- average chain length of'high molecular weight native
cals: ( 1 ) the kinetics of unwinding or rewinding of DNA is reduced in the hydrodynamic flow field in
the MNA molecules on time scales of seconds can the Couette cell, thus leading to diminishing I) sig-
be followed"4 by monitoring the LD signal within nals as a function of time. The purity of the super-
the DNA absorption hand (< 300 nm), and (2) the coiled DNA samples was checked by agarose gel
LD signal can be scanned as a function of wave- electrophoresis. Completely relaxed marker DNA
length thus, the orientation of the drug molecules was obtained by incubating the DNA with Topo-
causing the changes in superhelicity can be followed isomerase I (1 unit/0.5 mg DNA, incubation time
by monitoring the LD signal within the wavelength 30 m at 37°C). Gel electrophoresis was performed
range of the absorption spectrum of the drug. using vertical gel slabs (3 mm thick) of 1% agarose

In this work, we explore the relationships between (w/v) in TEA buffer (40 mM Tris base, 5 mM so-
the LD signals (and thus the relative orientations) dium acetate, I mM EDTA, pH 8.2, 24CC ). The gels
of the supercoiled DNA, and of two typical drug were stained with EB, photographed under uv light,
molecules, EB and proflavine (PF) (Figure 1), and the bands were quantitated by densitometry
which cause unwinding of the DNA by an interca- scanning. All samples contained more than 70'( of
lation mechanism. In the case of linear calf thymus the supercoiled form I I)NA.
DNA, the reduced LD within the absorption bands The flow LD experiments were performed using
of the DNA and the drugs is approximately the same a Couette cell consisting of a stationary outer cvi-
and independent of the drug concentration. How- inder and a rotating inner cylinder, with the DNA
ever, in the case of EB-supercoiled DNA complexes, solution placed in the annular gal) between the two
the LD/A ratios within the DNA and drug absorp- cylinders. The LD signal is defined as follows:
tion bands exhibit different dependences on the drug
concentrations: this apparent anomaly, which is not LD = A -A (1)
apparent in the case of PF-OX 174 complexes, is
attributed to differences in the degrees of alignment In these ,I) measurements, the propagation direc-
in the hydrodynamic flow gradient of the supercoiled tion of a linearly polarized light beam is perpendic-
DNA molecules as a whole, and of individual linear ular to the axis of rotation and parallel to the flow
DNA segments containing the bound EB molecules. gradient; the LID signal is equal to the difference in

NH2

Br-N

H2N N 'CH3 H2N H+ H 2

NI

Ethidium Bromide Proflovine

Figure1 St ruct tires ot" RB and PF.
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absorbance measured with the polarization vector flow is expected to be nonlaminar. However, the LD
parallel (A,,) or perpendicular (A,) with respect to signals increase smoothly with increasing G up to G
the direction of flow. The LD signals are a function values of at least 3000 s ' (see below), a fhct that
of (1) the orientations of the transition moments has been noted previously in the case of linear
with respect to the flow direction, and can therefore DNA.'52-1' 2 2 Possible reasons for the apparent ab-
be either positive or negative in sign, (2) the ab- sence of nonlaminar flow effects at flow gradients
sorption spectra of the oriented species, and (:3) the above G, have been briefly discussed by Lee and Da-
degree of orientation of the macromolecules in the vidson.' 7

flowing solution. The sign of the LD signal in the In order to follow the changes in conformation
absorption region of the DNA (230-300 nm) is neg- of supercoiled DNA as a function of EB (or PF)
ative in sign for both linear " and supercoiled 4 DNA. concentration, small aliquots of concentrated

For the LD experiments, the DNA samples (7.5 aqueous solutions of the drugs were successfully in-
X 10 'r M) were dissolved in 5 mM Tris buffer con- jected into the DNA solutions, and the LD spectra
taining 1 mM EDTA at pH 7.9, 24°C; each LD ex- were scanned after each injection from 240 to 580
periment reqiiires about 1.2 mL of solution contain- nm in the case of EB, or 240 nm to 500 nm in the
ing a minimum of 10 pg of DNA. The details of our case of PF. The maximum volume change due to
LD apparatus are described elsewhere." Here, we the injection of the concentrated EB solutions was
briefly describe only the homebuilt Couette cell used at most 1.5%; these small volume changes were ne-
in these experiments. The radius of the inner ro- glected. The monochromator scanning rate was 120
tating cylinder is Ri = 1.10 cm, while that of the nm/m, and the response time of the signal lock-in
outer cylinder is R,, = 1.15 cm (annular gap = 0.05 amplifier was fixed at 300 ms in order to increase
cm). The inner cylinder was filled with fresh doubly the signal/noise ratio. The concentrations of EB
distilled water, and rotated at speeds of up to 1300 and PF were calculated from the known molar ex-
rpm. The velocity gradient G was calculated from tinction coefficients of both drugs in the absence of
the formula 1 7  DNA (5800 M 'cm for EB at 480 nm, and :34,500

M ' cm-' for PF at 445 nm).
G(s ) 2rRV(2)

(R, - R)(

RESULTS
where R is the mean radius [R = (R + Ri)/21, and
the rotation speed V of the inner cylinder is given Absolute Reduced LD
in revolutions per second. The velocity gradient in
all experiments, unless otherwise noted, was 1840 Typical LD signals of linear and ofsupercoiled DNA
s '. These gradients were well below the rates re- as a function of the velocity gradient are shown in
quired for shear degradation of linear DNA mole- Figure 2. The LD signals are expressed in terms of
cules. " Indeed, subjecting the supercoiled DNA (or the output voltage of the lock-in signal amplifier.
the sonicated calf thymus DNA) to the hydrody- However, the absolute response of the apparatus was
namic forces in a Couette cell operating at V = 15 also calibrated utilizing crossed polarizers. The ab-
s for at least 30 m did not cause any measurable solute or reduced linear dichroism ID/A, where A
changes in the LD signals at 258 rim. is the absorbance of the DNA samples at 258 nm,

Theoretical considerations suggest that the crit- is about -0.14 in the case of unsonicated calf thymus
ical velocity gradient G,, corresponding to the max- DNA at G = 3000 s -. This value of LD / A is similar
imum rotation speed at which laminar flow char- to the values given by other workers for native dou-
acteristics should still be observed, is equal to"' ble-stranded DNA. 15 2 ' The LD signal ofthe super-

coiled DNA is about five times smaller under iden-
2 (R)1/ 2  tical experimental conditions, and thus the char-

X 0 X _ (3) acteristic LD/A values are only -0.03 at G = :3000
(0.057)1/2 -o (R. - R, )5/2 s '; this is an upper limit for the RF I supercoiled

form, since the samples are always contaminated
where p and 17 are the density and the viscosity of with nicked RF II DNA. The I.D signals due to
the solution, respectively. For G > G, = 800 s ' (G, nicked circular DNA 4 or linear DNA are higher
calculated using the dimensions of our Couette cell), than those of supercoiled DNA.
Taylor instabilities9 are expected to set in and the The photosensitization of the DNA-bound drug
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Figure 2 Relative I A) signals at 258 1n1 (arhitrarilv expressed in units o volts ) it sti-
percoiled (t X 174) and calf thymous I ('.T) DNA as a finclion of the vehicitv gradient (;.

('ontinuous lines: the velocity gradient was increased from zero to the maximum vahlue at
a const ant rate of 750 s 2 -) calf thymus I )NA. I ) supercoiled 1)NA: the flow gradient
was allowed to reach a preselected value and the 1,I) signal was measured t6 , later. DNA

concentration: 7.5 1 10 ' .

molecules can, in principle, lead to single-strand tation was allowed to reach a steady preselected
breaks resulting in a complete relaxation of the so- value, and then the ,I) signal at 258 inn was inea-
percoiled DNA. It was theretbre verified that there sured about 6) s after equilibrium had been reached.
were no measurable changes in the ratio of ( suLper- In the case of linear calf' t hvmus 1) NA, the I,)
coiledl ) / nicked) DNA molecules during the I) ex- signals were identical when measured by either
perinients )y both gel electrophoresis and the ID met hod ( Figure 2). In the case of t he supercoiled
technique. Simulating the experimental illumination I)NA there is a significant diflerence hetween the
(and rotation ) conditions even at the higher EB steady-state and continuous sweep IA) values: at h w
concentrations used in these experiments, there were ( values ( < 500 s I. the LI) signal is pasitive in
no detectable changes in the ratios of Isulpercoiled)/ sign in the continuous sweep case. and is c(lose to
Inicked) molecules delectable hr the gel electro- zero in the steady-state case. Above G 1000 s

phoresis assays. As is sho\n below, the magnitude the magnitude of the IA) signals is consistentlv
of the I,) signal at 26)) nin changes bY a factor of' higher in tile steadv-state case I closed circles ) than
greater than three upon complete unwinding of' the in the continuous sweep case at all values of'(; I Fig-
supercoiled I)NA: nevertheless, suh.jecting the EB- ore 2). Independent kinetic measurements shtw
I)NA samples to the experimental conditions of the that the response time of the 1I) signal of super-
('oette ('ell (including illumination I at constant El coiled I)NA is ahout 20-:)1 s (data not shown ). In
concentrations did not cause any changes in the the case of linear I)NA, the response time is less
magnitude of the LI) signals at 26( nin. Therelore. than tile time required to change tie rotation speed
the extent ofinicking of supercoiled I)NA under our from one fixed value to anot her (about 5 s 1. The
experimental conditions, if any, was negligihle, longer time response of supercoiled 1)NA suggests

I hat some deformation oft he molecule is occurring
in 4lie hydrodvnamic force field, which leads to a

Dependence of tD on Velocity Gradient G lth drdnnifocfed.wcheasoa
better overall net alignment of the l)NA bases with

The ,I) signals of'the I)NA at 258 ln in t lie absence their planes tending to be ltihed pterpendicular to
of added (Ir os were measured in two liflerent ways: t lie flow lines.
I ) t lie rotation speed was increased at a constant At low values it' G, the Il) of supercoiled I)NA

rate, equivalent to a rate of increase in the velocity is positive in sign, suggesting that at low velocit v
gradient (/ -1 - 750 s 2; and (2 I t lie speed of ro- gradients the DNA bases have a weak net tendencv
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Figure 3 ,I) spec-tra of FR (ipXl 1I)NA compillexest thlree clitf'erenit vailues ol r mIoles,

,.t1) ',I. I A) scans, were perf'ormied at a rate iif sweep of' 120) nm /im at a co nstant flow
gradienit t; I s-v) s I).

ofaligning wit h t heir planet; parallel to thle flow lines. 0.10, where r moles drug molecules added/rmole

A very weak initial positive LI) signal at G values nucleotides)I are shown in Figure:3. Within the D)NA
below 60 s 'is also observed in the case of' linear absorption h~and I below 300 nmn) the Ii) signal due
L)NA. Norden and Seth repoirted that denatured to hjX 174 is negative in sign and resembles the ab-
D)NA, in cont rast to the double-stranded form, is sorption spectrumi in shape, as in the case of linear
characterized by positive LI) sp~ect ra,2 the sm nall D)NA. F,

2 1 Above 4001 nrn, a wei-k negative LI) sigy-

positive LI) signa),ls at low G values theref'ore could nal due to EB molecules b)ound to the D)NA is oh-

be due to minor single-strinced region,- p~resent in served. As expected for intercalated drit", molecules,
the D)NA molecules. the sign of' this LD signal is negat iv- Similar

LD harcteistcs f E- ad P-Suercile 1I) sp~ectra at different ratios r are shown for lPF-

DN Caraceitis ofE-ad/)Sprcie X 174 comp~lexes in Figure 4-, the negative 1.1) band
DNACoplxepleaking at 462 nmn coincides; with the ab~sorpt '(io

'1% pical 11-) spect ra of (,X 17 4 DINA wit hotF3adband of' PF bouind to J)NA" b\- ;i n intercalat ion
ait two different cioncent rat ions tif EB tr <0.0)4 and mechanim 2

* -.- r--. T '' r

.440

1 .00

240) 280 320 360 400 440 150

Figure 4 1 1) spectra of'P l(l iX 174 complexes at different values of r, ;ia) r 0(.0(1. (1 1

r (l.t I (c r (0(05. idI r 0.06,(and 40(e te r 0,1. O t her condit ions is in (apt ioni to
Figure:1
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EB-Supercoiled DNA Complexes. The reduced LD at r = 0 and r = 0.04-0.05 correspond to supercoiled
signal at 258 nm, which is predominantly due to the and completely unwound DNA, respectively (see
net overall orientation of the DNA bases, increases below); typical ratios of LD signals, 1,D(r = 0.04-
in magnitude by a factor of nearly 4 as r is increased 0.05)/ID(r = 0.00), were 3.7, 2.8, and 3.7 for q)X
from zero to 0.04 by adding EB to either (pX 174 174, pBR322, and SV40 DNA, respectively.
DNA or SV40 DNA solutions, however, as r is in-
creased further to a value of 0.10, I,D/A diminishes. PF-OX 174 DNA Complexes. The magnitude of the
The LD/A values at 520 nm due to bound EB mol- LD signal at 258 nm, for comparable values of r, is
ecules remain approximately constant in the region significantly larger in the case of PF than in the case
of r (0.02-0.06) in which the LD/A ratio at 258 nm of EB; also, the highest magnitude of the LD signal
exhibits a pronounced minimum (Figure 5A and B). at 462 nm due to intercalated PF (at r = 0.05) is
Below r = 0.02, the (LD/A ).,, ratios are rather un- about 4.5 times greater than the analogous EB signal
certain because of the small I) signals and absor- at 520 nm (at r = 0.04). These quantitative differ-
bance values. ences can be mostly attributed to the larger molar

The unexpected differences in r dependence of extinction coefficients of PF relative to those of EB.
the absolute LD in the 258- and 520-nm wavelength Because the magnitude of the LD signals is propor-
regions has also been observed in the case of pBR322 tional to the absorbance of the intercalatively bound
supercoiled DNA (data not shown). The 1I) signals drug molecules, the influence of the drugs on the

overall LD signals will be greatest at the absorption
maxima of the drug molecules. According to mea-
surements in our laboratory (data not shown), PF

0 ... .bound to DNA is characterized by maxima at 256

(molar extinction coefficient ( = 29,300 M -cm ')
- 0.0 and 462 nm (f = 32,700), while the absorption max-

ima of EB bound to DNA are located at 298 (f
E -0.04 = 27,600) and 520 nm (( = 4100); this latter value
" - -is in good agreement with the results of Houssier et

00- al."5 Thus the absorption and LD spectra of inter-

-- _calated PF molecules nearly coincide below 300 nm
U with those of the DNA bases, and the overall LD

-_-. signal near 258 nm is thus greater than in the casew-002-
of EB-DNA complexes; in the latter case, the ab-

.A -004 -sorption maximum of intercalated EB at 296 nm
manifests :-elf as a shoulder in the LD spectra near

o -0.06 300 nm (Figure 3).
(B) SV40+EB The reduced LD values at 258 and 462 nm as a

function of r for PF-OX 174 DNA complexes are
shown in Figure 5C. These two curves resemble one

0another in shape, both reaching minima at r = 0.05.
S-0.02-z These results indicate that the PF molecules and.0

04DNA bases exhibit similar degrees of orientation in
these flow gradient LD experiments, as expected in

-0.06- a simple intercalation model.
I(C) #X174 +PF

I I I I
0 0.04 0.08 0.12 0.16 ID Characteristics of Drug-Linear

DNA Complexes
r

The reduced LD values of EB- and PF-calf thymusFigure ,5 Reduced I,) ( I)/A. in aI)solte units) a1t IDNA complexes as a function of r within the DNA

258 nm (0, I)NA absorption hand) and within the bound A go ptio as a r shin Fge 6.
druahsrpton and (0. () Eaddd t 4A174stv and thug absorption bands are shown in Figure 6.drug ahsorpt ion hands (0) . ( A I Etl added to ipX 174 so-

percoiled IDNA, drug 1)/A valUes determined at 520 nu In contrast to the behavior of supercoiled DNA at

fB) El added to SV4O supercoiled )NA. drug I)/A val- similar values of r, the LD/A values at 258 nm and
ues determined at 520 nm; (C) PFadded to X 171 DNA. within the absorption bands of the complexed drug
drug LD/A values determined at 462 nm. )NA concen- molecules are nearly constant as a function of added
tration: 7.5 X 10 M. Flow gradient: 1840 s '. drug concentration. The slight increase at the higher
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r values may reflect the stiffening of the DNA seg- plotted as a function of' v_, the ratio of bound drug
ments due to the intercalative binding of the drug molecules per nucleotide. Our LD results are plotted
molecules; the reduced LD values at 258 and at 462 as a function of r, the concentration of added drug
nm are nearly identical in the case of PF, as expected molecules per DNA nucleotide. However, we per-
for classical intercalation complexes.2" The small formed equilibrium dialysis measurements at r
differences between the I I,D/A).. 8 and (I,D/A),.,, = 0.05 and found that under our experimental con-
values in the case of EB have been reported earlier ditions more than 95% of the diug molecules are
b, others as discussed in the review of Houssier. 2" bound to the DNA (data not shown); this is con-

Thc results obtained with the sonicated linear sistent with previous results of Crawford and
DNA-drug complexes show that the LD signals as Waring 2 in the case of EB. and the known high
a function of r obtained with supercoiled DNA are association constants ( - 10' M ') of EB 2 and PF"
not due to artifacts of the Couctte cell measure- measured at relatively low ionic strengths, similar
ments. to those employed in our experiments. Thus, r = v,

(for r < 0.1 ); this is confirmed by comparing our

DISCUSSION values of r corresponding to the minima in the LD/
A curves, with the values of v,. corresponding to the

Correlations Between Magnitude of LD, minima in the S.,, coefficients in Waring's experi-
Sedimentation Coefficients, and Changes ments." These minima correspond to the "equiva-
in Superhelical Density lence point." where the sedimentation coefficients

The Effects of Drug Concentration. In Waring's are the same at this value of v. for nicked and for
paper, ' the sedimentation coefficirits (S.,,) are the fully relaxed q)X 174 DNA forms."

Accession For
0.0 - - - - _ - -. -.-- _

NTIS GRA&I
DTIC TAB

(A) C.T. DNA + EB U.','ounced

-Jt.if icatio

0) -. 5 trbutlon/

0 1 Ytvilnbility Codes
E -1.o

0

B) C.T. DNA + PF

S-0.5

0 1.0
0)0

0.0 0.04 0.08 0.12
r

Figure 6 Reduced 1,D values (in relative units) of fiB- and PF sonicated calf th'ynius
)NA complexes. (A) EB (0, measured at 520 nm), and ( B) PF (0, measured at 462 1m):
(0) LD/A values determined at 258 nm. I)NA concentration: 7.5 X 10 ' Al: flow gradient:
1840 s .
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The Equivalence Point and Unwinding Angles. The cient curves published earlier by Waring." The in-
equivalence point in our experiments is reached at crease in the magnitude of the ID signal as r is
r = 0.04 ± 0.005 in the case of EB-</jX 174 DNA increased from zero to about 0.04 -0.05 is attributed
complexes (Figure 5A ). In Waring's sedimentation to a drug-induced unwinding of supercoiled 1)NA,
experiments, the equivalence point was reached at which causes a decrease in the S,,, coefficient" and

t,, = ).04. '3 In the case of PF and qiX 174 DNA, our an increase in the magnitude of the LI) signal at
equivalence point occurs at r = 0.05 + 0.005, whereas 258 nm. Partially or fully unwound forms of'/X 174
in Waring's sedimentation coefficient experiments DNA exhibit a greater LD signal due to their larger.
the equivalence point lies in the range of u,. - 0.045- more extended hydrodynamic shapes, in cont rast to
0.065, again suggesting that r and v. are very close supercoiled DNA, which is characterized by smaller
to one another, as indicated also by the experiments LI) values (or higher S,,, coefficients . At an r value
of Ramstein et al.2 for values of r < 0.1. near 0.04, all superturns are removed, giving the

The differences in the t,, values at the equivalence I)NA molecules an unt wisted open circular topology.
points have been attributed to differences in the un- a state characterized by a- 0. In the case of pro-
winding angles 0 per bound drug molecule.' '; In the flavine, this state is reached at a slightly higher value
case of EB, 7

''' the accepted value for 0 is 26. while of r 0.05. At still higher r values, left-handed su-
for PW" = 170. When the superhelix density a perturns, corresponding to a o),,sitive increase in the
( number of'superturns/10 base pairs) is known, the superhelical density, are introduced as a result of
unwinding angle 0 can be calculated from t,,. accord- the binding of the drug molecules: this results in a
ing to the equation 1.2 more compact forn ( lower LI) values) and greater

S.,, coeflicients.
0 ( -18()a/ 1") (4) The LD/A curves are rather symmetrical in the

case of EB ( Figure 5A and 1) . In the case of pro-
The superhelix density of bX 174 is -0.0571; using flavine (Figure 5C), the LD/A signal as a function
the values of r deduced from the LD/A minima in of r, after passing through the minimum, does not
Figure 5. 0 values of 26 ± 2' and 21 + 2' are obtained return to its initial value as r is increased further.
for EB and PF, respectively. The latter value is A similar asymmetry was noted by Waring in his
slightly larger than the one given in the literature.2  S,,, vs i,. curves.' The reasons for such asymmetric

The results shown in Figure 5A and B, as well as titration curves have been discussed by Bauer and
similar results obtained with pBR822 DNA (results Vinograd.' These reasons include the following: ( 1)
not shown), suggest that the LD technique is suit- the relative binding afhnity of EB (and l)robably
able for following the unwinding of different kinds other intercalating drug molecules) depends on the
of supercoiled DNA by EB. In all cases, the same superhelical density, favoring supercoiled forms at
biphasic behavior of the I,) signal as a function of I, < I., and linear I)NA forms at i, > 1,,; (2) the
r is observed. However, the equivalence point ap- degree of asymmetry depends on the initial values
pears at slightly higher values of r in the cases of oft he suLperhelical density, and the maxinum num-
pBR:22 ( r 0.05 ) and SVt) L)NA. The superhelical her of intercalated drug EB molecules that can bind
density of the latter is the same as that of' 4,X 17.11; to t he DNA at values of r > 0.J: it may be diflicult
the number of base pairs per ,IX 174. plBR322,:  to achieve a sufficientlv high binding level to rewind
and SV1t'" molecule, is 5386, 4:16:, and 5243, re- the )NA in a positive sense to achieve the same
spect ively. From the sequences provided in the cited original magnitude of a .
references, we estimate that the G( content is 46,
54. an,.' N. respectively. Thereifore, these icters Tertiary Structure and Contributions of DNA
cannot account for the observed differences in the Bases and Drug Molecules to the LD Signals
observed r ratios at the equivalence points. Other, Measured at Davel
more trivial effects such as heterogeneities in sD-
perhelical densities 2 contamination of the samples The characteristics of linear I)NA in a hlvdrodv-
with nicked and linear forms, can also play a role namic flow gradient have been considered by a
in determining the apparent values oif 'i,, . number of different authors. \\ada 22 and Nordn

and "l'jerneld 21 approximate(d the behavior of I)NA
The Shapes of the Titration Curves. The depen- in terms of the l'eterlio Stuart theorv for ri gid
dence of the ( ID/ A ),, values of SUlpercoiled ,hX ellipsoids (of revolut ion: devial ionls frolm t Ills t heory
174 I)NA as a tunct ion of Ef and PF cotcent rat ions due to the denformation and extension of the I)NA
is remarkably similar to the sedimentation coeffi- molecules in the hvdrodvnamic flow field were also
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considered by Nord6n and Tjerneld .23 Shimada and of the DNA molecules to the hydrodynamic forces
Yamakawa as derived a theoretical treatment for hy- tending to align these segments. Any one of these
drodynamic orientation of polymers based on the effects, or a combination thereof', could account for
worm-like coil model; Schellman and co-workers the differences in the r dependencies of the LD sig-
used the bead-spring model for descriptions of the nals at 258 nm and at 520 nm in the case of the EB-
polymer chains.: '4  In both of these models, the supercoiled DNA complexes.
flexibility and deformation of DNA molecules in the It is evident that the behavior of the LD signals
hydrodynamic flow is taken into account. Overall, of the PF molecules as a function of r more closely
the DNA molecules may be viewed as a series of parallel the LD signal at 258 nm than the analogous
linked, relatively stiff segments that become par- EB LD signals; the variations in the LD signals at
tially oriented with their axes tending to align 258nmasafunctionofrareascribedtothechanges
themselves parallel to the flow lines, thus accounting in the overall size of the DNA molecules, differences
for the observed negative LD signals within the DNA in deformation of the tertiary structure, and the
absorption band. partial alignment of DNA segments along the flow

Some elements of these models, particularly de- lines. While the exact reasons for these differences
formation and partial alignment of DNA segments in behavior between EB- and PF-supercoiled DNA
along the flow lines, may also be applicable to co- complexes are not known, these differences may he
valently closed circular DNA. However, the closed related to the known differences in the binding ge-
circular nature of the intertwined DNA strands im- ometries of these two drug molecules. As established
poses restrictions on the overall degree of orientation by other workers, 1,23 2, PF is characterized by an
of the individual DNA segments in the hydrody- orientation angle 0 = 900 (orientation of in-plane
namic force field. transition moment of the drug molecules with re-

Superimposed on these effects is the change in spect to the axis of B-form DNA), as expected for
the overall hydrodynamic shape and size of the DNA classical intercalation complexes. On the other hand,
molecules due to the changes in superhelicity in- the transition moments of the EB molecules appear
duced by the binding of drug molecules. The lower to be tilted with respect to the planes of the DNA
the superhelicity, the greater the apparent hydro- bases 2 5

.
2 6 ,  

9
,4

1 (0 = 60'-75' ), which suggests that the
dynamic size of the molecules,' ' and thus the binding geometry may be somewhat different than
smaller the overall Brownian rotational motions of in the case of PF. Furthermore, different interca-
the DNA molecules. Therefore, unwinding should lators may affect the local torsional rigidities and
be accompanied by a better overall alignment of dynamics of'supercoiled DNA to different extents,42

these molecules along the flow lines in the Couette which in turn may affect the deformation of the
cell. This effect, independent of any motion of the DNA molecules and/or the alignment of individual
individual segments, is believed to account for the DNA segments. In addition, there may be differences
higher magnitudes of LD signals at the equivalence in the binding affinities of PF and EB to DNA of
point relative to the LD signals ofthe highly compact different superhelical densities.
supercoiled forms. Intuitively, it appears evident
that the overall orientations of such segments in the
flow field will be lower in the highly twisted super- CONCLUSIONS
coiled forms, than in the relaxed or linear DNA
forms. The flow I,D technique is a suitable hydrodynamic

The seemingly anomalous difference in the r de- method for rapidly aqsaying variations in the prop-
pendencies of the ( 1,D/A) 2 5, and I'D,.2 signals sug- erties of supercoiled DNA induced by the binding
gests that the unwound DNA segments containing of drug molecules. The conformational properties of
EB molecules may respond differently to the hydro- the bound drug molecules causing these changes can
dynamic force field than the closed circular DNA also be monitored. The 258-nm ID signal reflects
molecule as a whole, or than l)NA segments con- the overall shape and hydrodynamic properties of
taining few or no El molecules. At values of' r be- the partially supercoiled DNA molecules, while the
yond the equiva!ence point, ethidium molecules are 520-nm I ) signals due to bound EB molecules may
known to bind preferentially to linear rather than reflect the partial alignment of individual l)NA seg-
to supercoiled I)NA ; tbus the distribution of EB ments containing the bound drug molecules. In con-
molecules within any single closed circular I)NA trast, the reduced ID) values due to the supercoiled
molecule may be quite heterogeneous, accounting I)NA bases at 258 nm and due to complexed PF
for differences in the response of ditferent regions molecules at .462 nm appear to more closely reflect
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analogous degrees of alignment of both moieties in 23. Nordbn, B. & Tjerneld, F. (1976) Biophyvs. Chem. 4,

the flow gradients, as expected for a simple inter- 191-198.

calation model of binding. 24. Houssier, C. & Kuball, H.-G. (1971 ) Biopolyr, .. , 10,
2421-2433.
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